Abstract This study determines site-response factors that can be applied as corrections to a rock-attenuation relationship for use in probabilistic seismic-hazard analysis. The site-response factors are amplitude and site-class dependent. These amplification factors are determined by averaging ratios between observed and predicted ground motions for peak ground acceleration (PGA) and for 5% damped response spectral acceleration at 0.3, 1.0, and 3.0 sec oscillator periods. The observations come from the strong-motion database of the Southern California Earthquake Center (SCEC), and the predictions are based on the Sadigh (1993) rock-attenuation relation. When separated and averaged according to surface geology, significantly different site-response factors are found for Quaternary and Mesozoic units, but a subclassification of Quaternary is generally not justified by the data. The low inputmotion amplification factors are consistent with those obtained from independent aftershock studies at the PGA and 0.3-second period. An observed trend of decreasing Quaternary site amplification with higher input motion is consistent with nonlinear soil behavior; however, the trend exists for Mesozoic sites as well, implying that this may be an artifact of the Sadigh relationship. There is a correlation between larger site-response factors and lower average shear-wave velocity in the upper 30 m for low predicted PGA input motions, with an increase in the correlation with increasing period. The 0.3-sec site response factors for Quaternary data in southern California determined in this study are consistent with 0.3-sec NEHRP site-response correction factors; however, at 1.0-sec period some inconsistencies remain. A trend is also seen with respect to sediment basin depth, where deeper sites have higher average siteresponse factors. These results constitute a customized attenuation relationship for southern California. The implication of these customized attenuation models with respect to probabilistic hazard analysis is examined in Field and Petersen (2000) .
Introduction
Following the 1994 Northridge earthquake, the large volume of new data was the catalyst for a number of regional studies on site response in Los Angeles (Hartzell et al., 1996; Bonilla et al., 1997; Harmsen, 1997; Hartzell et al., 1998) . Seismologists tend to produce results directed at understanding and modeling the physics of site response. An important issue, often overlooked, is how to communicate and incorporate our results in a practical sense to the engineering community for use in hazard evaluation and building code revisions.
Predicting ground shaking over a region from future earthquakes is typically accomplished by using existing empirical attenuation relations for a specific site class, and a regional earthquake source model, as was done in the Southern California Earthquake Center (SCEC) Phase II report (Jackson et al., 1995) . One way to improve on these ground-shaking hazard maps is to reduce the uncertainty in the attenuation relations by regionalizing them to a specific area, such as southern California. In all attenuation relations there is a degree of scatter about the mean value for either peak ground acceleration (PGA) or spectral acceleration (SA) that is represented by the standard deviation. An important question is, what measurable (and mapable) parameters can help reduce the uncertainty (and/or bias) in these attenuation relations? In other words, are there regional site parameters that will help predict the variation in the level of ground shaking and the damage patterns seen in the wake of large earthquakes?
In order to include site response into regional hazard mapping, site classifications must be developed which can be identified by existing digital geologic (or geotechnical) maps on a regional scale (Park and Elrick, 1998 ). Existing attenuation relations must then be adjusted to correspond to the mapped site classification, or new relations developed which use the mapped classifications. The intention of this study is not to develop new attenuation relations, but instead to focus on adjusting an existing rock-attenuation relation to include average site-response terms calculated from strongmotion data for mapped regional site classifications in southern California.
Some recent work is moving toward the practical application of site response in relation to hazard mapping. In Petersen et al. (1997) , site response is incorporated into ground-motion hazard mapping of three southern California counties by using existing attenuation relations to represent three regional site conditions, which are transformed from geologic maps into soil, soft rock, and hard rock. While this is an important first step in incorporating the site response into the hazard maps, Petersen et al. (1997) does not specifically use the local recordings of ground-motion data to determine the level of site response. Harmsen (1997) used the results from an inversion of strong-motion data in the Los Angeles region (limited to the region mapped by Tinsley and Fumal, 1985) to determine site-response factors for different geologic site classes in two frequency ranges. Hartzell et al., (1998) used the results of Harmsen (1997) (strongmotion data) and Hartzell et al. (1996) (weak-motion data) to produce contour maps of site response in three frequency bands for the same Los Angeles region, based on both weak and strong-motion site-response analysis. In both the Harmsen (1997) and Hartzell et al. (1998) studies the site-response factors are independent of the level of ground motion.
In this study, site-response results are presented in terms of a range of periods of engineering interest, a range of ground-motion levels, and a range of site classes. The difference between this study and previous work is the use of strong-motion data for a specific region (southern California) to compute average site-response corrections to an existing attenuation relation. This is done for mapped geologic units in southern California, and for different ranges of predicted input PGA in order to allow for amplitude-dependent site response (nonlinear behavior). In addition, these results are applicable to the whole southern California region between 32Њ and 36Њ north latitude.
A preliminary question to developing a site-response model that is consistent with strong-motion, weak-motion, and analytical/geotechnical models, is whether the soil response should be modeled linearly or nonlinearly (i.e., whether the transfer function due to the soil is a constant for all levels of shaking). Seismologists and geotechnical engineers have long debated this question (Beresnev and Wen, 1996; O'Connel, 1999) . Recent earthquakes in well-instrumented urban areas are providing some new insight to this question (Aguirre and Irikura, 1995; Beresnev et al., 1998a,b; Field et al., 1998a Field et al., , 1998b Hartzell, 1998) . The consensus of members of the SCEC phase III working group, which includes both seismologists and engineers, is that nonlinearity exists, but the degree of nonlinearity is still an open question. Therefore nonlinear behavior is presumed, and the change in site-response factors with increasing predicted rock input PGA at each strong-motion station, and on average, is examined.
Site-response studies from weak-motion data have often been considered inappropriate for hazard mapping and strong-motion analysis, as they are expected to be linear, and may not represent the site response during strong shaking (i.e., Darragh and Shakal, 1991) . As part of this study, two independent weak-motion site-effect studies (Hartzell et al., 1996; Bonilla et al., 1997) are compared with one another, and with the strong-motion site-response factors estimated herein.
Shear-wave velocity in the upper 30 m (100 ft) has become increasingly important to site-response studies and site classification in recent years (Boore et al., , 1994 Borcherdt, 1994; Building Seismic Safety Council, 1994; Martin and Dobry, 1994; Crouse and McGuire, 1996; Bouckovalas, 1997; Harmsen, 1997; Park and Elrick, 1998; Wills and Silva, 1998) . Shear-wave velocity has been used to define site classifications and to predict spectral-amplification values. It is becoming a critical parameter in building codes and in performance-based design. As part of this study the correlation between the calculated site-response factors and the average shear-wave velocity in the upper 30 m is examined for strong-motion data recorded at stations with a nearby measured velocity profile.
The 3D modeling of deep crustal sedimentary structures like the Los Angeles basin have been shown to have a significant effect on observed ground motion (Frankel and Vidale, 1992; Olsen et al., 1995; Olsen and Archuleta, 1996; Graves and Wald, 1998; Olsen, 2000) . The correlation between a "depth-to-basement" parameter and the residuals to the average amplification factors determined in this study is also examined.
Data Strong-Motion Data Set
The strong-motion data used in this study are taken from the SCEC strong-motion database (SMDB; http://smdb. crustal.ucsb.edu) , and described in detail in Steidl and Lee (2000) . The ground-motion parameters used in this study are PGA and 5% damped response spectral acceleration (RSA) at three periods; 0.3, 1.0, and 3.0 sec. The distance measure used in this study is the closest distance to the fault rupture (Abrahamson and Shedlock, 1997) . Stations with distances of 150 km or greater were excluded. All data were visually inspected, and some events that contained only a partial recording of the event were also excluded. The reporting agencies typically produce both corrected and uncorrected data. When available the corrected data was used. If corrected data were unavailable, the Fourier acceleration spectra was calculated and used to determine the usable bandwidth. In the case of the corrected data, the usable bandwidth of the data S151 reported by the station owner is checked and data outside the usable band is removed from the data set.
In general, the approach used in this study was to develop regional site-response factors (amplification or deamplification) that are applied as an adjustment to a reference rock-attenuation relation. The site-response factors for strong-motion data are defined as the ratio between observed PGA or RSA and predicted rock PGA or RSA. The rockattenuation relation of Sadigh (1993) was used as the rockreference relation. Observed PGA and RSA values are taken from the SCEC, SMDB (Steidl and Lee, 2000) . The rock relation of Sadigh et al. (1997) is evaluated in , and its bias and standard deviation when applied to the southern California data make it an adequate choice for the reference relation in this study. The only difference between the 1993 and 1997 rock relations is the use of a faulting scale factor for oblique faulting (1.09 times the strikeslip relation) that is present in the 1993 relation and absent in the 1997 relation. The rock-attenuation relation form, and the coefficients for the 1993 and 1997 relations, are identical.
Average site response factors are developed for the Q, T, and M site categories (Park and Elrick, 1998) for PGA and at each of the three oscillator periods, and for different levels of predicted input rock PGA. This allows for the development of an adjusted ground-motion attenuation model that can then be used for making hazard maps that incorporate site effects on a regional scale such as southern California. The use of more detailed geology for site classification of the Quaternary and Tertiary units is discussed in some detail in Park and Elrick (1998) . In this study one detailed geologic classifications is used, which subdivides the Quaternary and Tertiary units in order to examine if subclassifications are warranted. The subclassification separates younger (Qy) and older (Qo) Quaternary with Tertiary sediments sites added to the Qo class; thus, Qy includes Qyf, Qym, Qyc, and Qyvc, and Qo includes Qof, Qom, Qoc, Qovc, and Tss (Tinsley and Fumal, 1985) . Average siteresponse factors are developed for the Qy, Qo classification. These factors are limited in use to the area mapped by Tinsley and Fumal (1985) .
At each period, the site response for a given recording is examined by comparing the geometric mean of the PGA or RSA on the two horizontal components with the horizontal ground motion predicted at a rock site at the same distance from the given earthquake. The ratio of the recorded mean horizontal PGA or RSA to the predicted horizontal PGA or RSA rock motion is calculated (in some cases, one of the two horizontal components was thrown out due to usable band limitations, and in that case the remaining horizontal component was used instead of the geometric mean of the two). Theoretically, these ratios would scatter about a value of unity for any site class that would be considered rock; however, a bias might be expected since the Sadigh (1993) rock relation uses data from outside the southern California region, and since the sites included in the "rock" classification may have large variability in the material properties such as near-surface shear-wave velocity (e.g., Steidl et al., 1996; . For small-input ground motions, it is expected that soil sites will amplify the ground motion resulting in ratios of soil to rock, which are larger than unity on average. If nonlinear behavior of soils undergoing strong shaking is present in the data, the ratios for soil sites would be expected to decrease with increasing input rock PGA, at certain oscillator periods.
For each period, the natural log of the ratios of observed to predicted SA are plotted as a function of the predicted rock PGA. Figure 1 shows these ratios for sites classified as Mesozoic (M class, Park and Elrick, 1998) . The figure is subdivided into four plots (a-d), one for PGA and one for each of the spectral periods 0.3, 1.0, and 3.0 seconds. Each individual ratio is plotted, representing a pair of horizontal recordings (or in a few cases a single horizontal recording) from a single event at a particular station. Likewise, in Figures 2 and 3, the ratios for sites classified as Tertiary and Quaternary, respectively, are plotted as a function of predicted rock PGA (T and Q classes, Park and Elrick, 1998) . The subset of the QTM data set that is classified as Qy, Qo is plotted in Figure 4 . Site-class information for each of the stations is contained in Steidl and Lee (2000) . Examples of magnitude versus predicted rock PGA and magnitude versus distance for each classification are given in Figures 2-5 of Steidl and Lee (2000) .
Shear-Wave Velocity Data Set
Strong-motion station locations were compared with the locations of in situ borehole shear-wave velocity measurements. All strong-motion stations with a measured shearwave velocity in the upper 30 m within 1 km of the station, and located on the same surface geologic QTM classification, are used. If more than one measured velocity profile is within the 1 km range the closest profile is used. The shear-wave velocity data are from a compilation by Wills and Silva (1998) . Many of the USC strong-motion stations have shearwave velocity data determined by a particular type of surface wave inversion analysis, called the CXW method. This particular method has been questioned recently by Boore and Brown (1998) and Wills and Silva (1998) who found the velocity profiles to be slow in the shallow depths and fast at deeper depths. Only data from in situ suspension logging and downhole logging were used in this study due to the concerns regarding the shear-wave velocities determined by the CXW method.
An attempt was made to examine two other data sets, stations within 0.2 and 0.5 km distance of the velocity profiles; however, these data sets contained too few points to be useful. With the current emphasis on near-surface characterization of strong-motion stations in California by various research programs, which include in situ shear-wave velocity measurements, it is likely that the 0.2 and 0.5 km data sets will include enough points to be useful in the near future. Figure 1 . Individual site-response factors for Mesozoic geology. Natural log of the ratios of observed to predicted rock (Sadigh, 1993) PGA and response SA (5% damped) of horizontal ground motion plotted versus predicted rock-input PGA (also Sadigh, 1993) . Natural log maximum-likelihood mean site-response factors with one-sigma error bars also shown (x's). Depth-to-Basement Parameter A possible deep-basin site effect is parametrized by the depth to V s ‫ס‬ 2.5 km/sec isosurface (depth-to-basement). This parameter is determined from from version 1 of the SCEC 3D velocity model, which is a combination of the work of Magistrale et al. (1996) and Graves and Wald (1998) . The depth-to-basement parameter is assigned to each of the strong-motion sites within the basin model and is listed in Table 2 of Steidl and Lee (2000) .
Weak-Motion Data Set
Two independent weak-motion site-effect studies using aftershocks of the 1994 Northridge earthquake conducted by researchers from the USGS and by UCSB are examined (Hartzell et al., 1996; Bonilla et al., 1997) . These two studies will be referred to as HEA96 and BEA97, respectively. The results from these studies are evaluated using site classifications described in Park and Elrick (1998) . Use of a consistent site-classification scheme allows a more direct comparison of the results of these two studies, and with the strongmotion site response factors mentioned in the previous section. Both weak-motion site-effect studies use the same technique, the simultaneous inversion of the spectral amplitude of recorded ground motion (RSA for HEA96 and Fourier amplitude spectrum [FAS] for BEA97). The inversion determines site response at each station, from multiple recordings of aftershock data at multiple stations. The spectral amplitude of recorded ground motion is considered a linear combination of source, path, and site contributions. The site- response terms for each station and source terms for each event are solved for in the inversion, with the path term and reference motion (constraint) specified a priori. This inversion technique is based on Andrews (1986) , and has been used extensively since (e.g., Boatwright et al., 1991a Boatwright et al., , 1991b Hartzell, 1992; Seekins and Boatwright, 1994; Field and Jacob, 1995; Hartzell et al., 1996; Bonilla et al., 1997) . Hartzell et al. (1996) analyzed Northridge aftershock recordings in the San Fernando and Los Angeles basins for weak-motion site response (Glassmoyer, 1995; Meremonte et al., 1996; Hartzell et al., 1996) . They correlated large weak-motion site-response estimates with areas of significant damage. Their site-response estimates were determined from the simultaneous inversion of the FAS of shear wave from 61 events and 91 sites. Data were corrected for geometric spreading and whole path attenuation since the event to station distances covered a wide range. The inversion used the constraint that the site response at a single hard rock site (Encino reservoir) was specified to be unity, with the exception of a small amount of near-surface attenuation (k ‫ס‬ 0.03 sec) to account for the site response of the reference site (Hartzell et al., 1996) . In order to have results in terms of 5% damped RSA, S. Hartzell (written comm.) ran the inversion using the same data set as Hartzell et al. (1996) with the exception that 5% damped response spectra were substituted for Fourier spectra. The site-response estimates were obtained in terms of 5% damped response spectral ratios (S. Hartzell, written comm., see Table 1 ) In this study, the results in Table 1 were sorted by station site classification according to QTM surface geology.
A second weak-motion site-effect study analyzed a different set of aftershock recordings from the 1994 Northridge event (Edelman and Vernon, 1995) to compare various methods for obtaining site response (Bonilla et al., 1997) . In BEA97, the Fourier spectrum of the shear waves from 38 events at 30 stations were inverted simultaneously for site response, source, and path Q terms. The data were corrected for geometrical spreading using the S-P travel times for each recording. The inversion used the constraint that the average site response of 5 rock sites be unity (with no attenuation). The resulting site response functions from the inversion were converted from frequency to periods of 0.1, 0.3, and 3.0 seconds and the 30 stations were classified according to QTM surface geology.
There are many differences between the HEA96 and BEA97 studies in terms of both the analysis methods (RSA inversion versus FAS inversion), and the data sets used. The stations used in the two studies are completely different (though one or two were located within 1 km of each other). The two studies have some of the same earthquakes in common, but also many that are unique to the individual study. The point in using these two very different studies to compare with one another and with the low-amplitude strongmotion site response is to determine how well these three different estimates of the same thing, low-amplitude site response, compare with one another when using consistent site classification.
Results

Strong-Motion Results
The individual ratios of predicted motion to the rockattenuation relation motion have a large degree of variability (Figs. 1-4). To get a clearer look at trends, the strong-motion site-response behavior on average is examined. The individual strong-motion ratios are separated according to predicted rock (input) PGA and the mean value (and standard deviation of the mean) is calculated in four amplitude ranges of input PGA. The four bins used are (1) predicted input motion less than 0.05g, (2) 0.05-0.1g, (3) 0.1-0.2g, and (4) input motion greater than 0.2g. The natural log of these mean-amplification factors with one-sigma error bars are plotted for each The site-response amplification factors are based on residuals to the Sadigh (1993) rock-attenuation relation, and each individual factor can be written as A le ‫ס‬ ln(Yo(T)/ Yp(T)), where i ‫ס‬ 1, 2, 3, . . . , N, representing N observations of event e, and e ‫ס‬ 1, 2, 3, . . . K, representing K different earthquakes. Yo(T) is the observed 5% damped RSA at the oscillator period T, and likewise, Yp(T) is the predicted rock RSA from Sadigh (1993) . The residuals for each earthquake e are assumed to be correlated due to differences from one earthquake source to another. The maximum-likelihood method of Joyner and Boore (1983) is used to calculate the mean amplification factor from N ‫ן‬ K amplification factors within each site class, period, and amplitude range. This method allows for the correlation of amplification factors (residuals) from the same event and provides a total error , where represents the earthquake to 2 2 2 2 r ‫ס‬ r ‫ם‬ r r r e e earthquake variance, and represents the site-to-site vari-2 r r ance and all other variability not included in . The appli-2 r e cation of the maximum-likelihood method to the residuals of an attenuation relation is described in detail in Spudich et al. (1999) .
The natural log of the resulting maximum-likelihood mean-amplification factors are calculated for PGA, T ‫ס‬ 0.3, T ‫ס‬ 1.0, and T ‫ס‬ 3.0, sec period. These results are plotted for the Q, T, M, Qy, and Qo site classes in Figures 5-8 , respectively. One standard deviation of the mean value is plotted as a vertical bar from each mean-amplification factor. The factors are plotted to fall within the appropriate inputlevel range but are offset from one another to be visible and are not associated with a specific input motion. The fact that Hartzell et al., 1996; BEA, Bonilla et al., 1997. all the M class mean site-response factors plot toward the larger side of each input range is just due to the order of plotting within the range. Tables 2 and 3 contain a listing of the average site-response factors for the QTM, and QyQo site classes, respectively, along with one standard deviation of the mean and the number of observations associated with each mean value.
Since Mesozoic sites are considered rock, the individual ratios of observed to predicted RSA for each of the four periods plotted in Figure 1 (a-d) are expected to scatter about a value of zero (in natural log). There is a wide variation in the ratios about zero. In the PGA and 0.3-sec period data the mean site-response factors for M class show a trend to smaller amplification factors with increasing input motion (Figs. 5 and 6, Table 2 ). At 1.0-and 3.0-sec periods the rockattenuation relation tends to consistently overpredict the observed ground motion at all input PGA levels suggesting a bias in the Sadigh (1993) rock relation at long period with respect to southern California data (Figs. 7 and 8, Table 2 ). In Figure 2(a-d) , the individual ratios of observed to predicted RSA at each of the four periods for Tertiary sites are similarly plotted. The same scatter seen in the M class data is present in the T class data. In the PGA and 0.3-sec period data the mean site-response factors for T class also show a trend to smaller amplification factors with increasing input motion (Figs. 5 and 6, Table 2 ). The Mesozoic and Tertiary sites have the least number of observations of ground motion contained in the southern California data set as seen by the paucity of data in Figures 1 and 2 , and as seen in the distribution of observations versus predicted rock PGA input motion or distance in Figures 2-5 of Steidl and Lee (2000) .
In Figure 3 (a-d), the individual ratios of observed to predicted RSA at each of the four periods for the Quaternary sites are plotted. The Quaternary site class has the largest number of recordings, and the most large-input-motion data points. The ratios scatter mostly above zero for the low-input motion and trend lower as the input motion increases for the PGA and 0.3-sec data. Amplification at low-input PGA levels relative to the rock-attenuation relation is seen at all four periods in the mean site-response factors (Figs. 5-8, Table  2 ). Amplification with respect to the M-class mean siteresponse factors is also seen at all four periods and in all input PGA levels.
The Qy, Qo classification is also used to determine mean site-response factors for each input ground-motion range as was done for the QTM site classification mentioned earlier.
The mean values for Qy and Qo are listed in Table  3 , and also plotted in Figures 5-8 . The mean site-response factors from the detailed geologic classification in general follow the same behavior as the Q-class site-response factors as would be expected since they are a subset of the Q class. At all input levels and periods the older geologic units (Qo) have consistently larger mean site response factors than the younger units (Qy).
Weak-Motion Results
The natural log average site response and standard deviations for the HEA96 and BEA97 weak-motion results at 0.1-, 0.3-, and 1.0-sec periods for the M, T, and Q site classes are shown in Figures 5-7 along with the maximumlikelihood mean results from the strong-motion data. The 0.1-sec weak-motion results are plotted with the PGA strongmotion results since there was no analysis done on PGA for the weak-motion data. The location of the weak-motion results with respect to input motion is just due to the order of plotting. The 3.0-sec period plot (Fig. 8) , does not contain weak-motion averages as both the HEA96 and BEA97 studies did not feel the aftershock data contained enough energy at the long period to be extracted from weak-motion sensors with a natural frequency at 1.0-2.0 Hz.
A common result from both the HEA96 and BEA97 studies is that the younger Quaternary and Tertiary geological units have larger site response than the older Mesozoic geology, as expected. The similarity of the HEA96 and BEA97 results is quite encouraging considering that the two studies use different methods, a different set of stations, earthquakes, and the reference motions in the two studies are different. The reference constraint in the BEA97 study is the average of five rock stations being unity, while in the HEA96 study a single rock station is used as reference and is constrained to be approximately unity, with some attenuation which increases at shorter periods. The HEA96 atten- uation is of the form exp(‫מ‬pkf ) where k ‫ס‬ 0.03 and f ‫ס‬ frequency. This increase in attenuation with shorter period can at least in part account for the HEA96 site response values on the Q class being slightly higher than the BEA97 site-response values at 0.1-and 0.3-sec period. In addition, the HEA96 site-response terms are determined from the inversion of the 5% damped response spectra. While the inversion technique is theoretically applicable to Fourier spectra, the similarity of results between the use of response or Fourier spectra suggests that the technique works in both cases. These average site-response values are not used to adjust the attenuation relation, but are just evaluated for comparison with the low-level strong-motion siteresponse factors. Given the similarity of the HEA96 and BEA97 results, in spite of the differences in the stations, events, reference constraint, and technique used, the differences in these site-response results are not considered significant.
Discussion Inherent Variability Within a Single Site Class
In general, all of the site classes show a large variability in the individual ratios (Figs. 1-4) . This may be due to the different depths of soil profiles at each site, some deep enough to affect the long-period motion, and others shallow enough to affect only the short-period motions. Station-tostation variability within the same site classification over relatively short distances has been documented previously (Steidl, 1993; Hough and Field, 1996; Field and Hough, 1997, Hartzell et al., 1997) and is probably a combination of differences in the near-surface velocity profiles and complicated shallow crustal structure in the local region surrounding the site. Errors in the classification of sites based on the 1:750,000 scale QTM map may also contribute to the observed variability (Park and Elrick, 1998) .
Weak-motion data have been used to explore the variability of response spectra from sites with similar geology. Recordings of Northridge aftershocks from a dense array of instruments deployed by SCEC and the USGS were examined by Field and Hough (1997) . The stations were deployed on similar quaternary geology in the San Fernando Basin, between the California State Northridge campus and the Northridge Fashion Center, both heavily damaged during the Northridge mainshock. The station separation ranged from 0.5 to 5.0 km. Using pseudovelocity (PSV) 5% damped response spectra, the spectra were found to be within a factor of approximately 1.9 to 2.6 of the array average at the 95% confidence level depending on the period and component. The distance dependence of the response-spectral variability between neighboring sites was also examined. When compared to the array response spectral average, at 0.5 km separation, 95% are within a factor of approximately 2.3, increasing to approximately 4.2 at 5.0 km separation ( Figure  6 of Field and Hough 1997) . This variability is for sites with the same geologic classification, and is inherent to the problem of ground-motion prediction, though there is some evidence that this variability is reduced slightly with increasing magnitude (e.g., Youngs et al., 1995; Abrahamson and Silva, 1997; Sadigh et al., 1997) .
Given the results of these previous studies, the variability seen within the site classes for the strong-motion data is not surprising. In addition, the event-to-event variability due to the uniqueness of each individual seismic source adds to the variation in the ratios. The large variability in the individual ratios makes interpretation of the amount of nonlinearity difficult without first averaging the ratios over ranges of predicted input motion and examining how the site response is behaving on average.
Strong-and Weak-Motion Site Response
The mean site-response factors for the Mesozoic sites are shown in Figures 5-8 , plotted as blue xs and are also listed at the top of Table 2 . When examined without regard to the predicted rock PGA input ground-motion level, the overall bias in the rock-attenuation relation with respect to the M-class data is small for the PGA and 0.3-sec data. When the input level is considered, the two lower-input motion bins have mean site-response factors greater than unity, while the two higher input motion bins have mean site response factors less than unity (Figs. 5-6 ). The 1.0-and 3.0-sec data for the M class shows a negative bias for the Sadigh (1993) relation at all input-motion levels (Figs. 7-8) . The rock-attenuation relation is overpredicting the southern California strong-motion Mesozoic class data. The number of observations in the M-class data is small (Fig. 1 ) so these bins may have an undersampled data population. The weakmotion M-class averages (Figs. 5-8) are within one standard deviation of unity, not unexpected given that the 5 of the 6 Mesozoic class sites were constrained to unity in the BEA97 study and 1 of 3 in the HEA96 study was constrained to unity.
The mean site-response factors for the Tertiary data are shown in Figures 5-8 , plotted as open squares and are also listed in the middle of Table 2. All the PGA, 0.3-, and 1.0-sec mean site-response factors for the T class show observed RSA larger than or equal to predicted rock RSA. The 3.0-sec mean site-response factors are larger than unity for the lowand high-input motion ranges, and below unity for the two middle-input motion ranges. Interpretation of the T class site-response factors is difficult as some of them look like the Q class factors and some of them look more like the M class factors. In general, the T class factors are similar to the soil sites for the shorter periods and more like the rock sites for the long periods. The weak-motion averages and lowinput-range strong-motion mean site-response factors (Figs. 5-8) both show the same level of amplification at all periods within the one sigma errors plotted.
The mean site-response factors for the Quaternary sites are shown in Figures 5-8 , plotted as open diamonds, and are also listed at the bottom of Table 2 . At short periods (0.1 and 0.3 sec), the Quaternary results show a trend toward lower site response at larger predicted rock PGA, indicative of nonlinear soil behavior. Given discussions of nonlinear soil behavior in the literature (Aguirre and Irikura, 1995; Beresnev and Wen, 1996; Beresnev et al., 1998a Beresnev et al., , 1998b , 1998 , Hartzell, 1998 , this result is not surprising. Another explanation for the reduction in the mean site-response factor with increasing input level could be the model proposed by O'Connel (1999) that calls on 3D heterogeneity and scattering to reduce the near-source ground-motion levels from large crustal earthquakes.
The larger site-response factors at low-input level and smaller factors at high-input level are not the product of a single event in the data set. In Figure 2 (e-f) of Steidl and Lee (2000) , the plots of magnitude versus predicted rock PGA input shows that both the low-input PGA range and the high-input PGA range contain multiple earthquakes for the Q class. At short periods (PGA and 0.3-sec), the mean Qclass site-response factors determined in this study are also consistent with the site-response term from Abrahamson and Silva (1997;  referred to as AS97 here), which is a function of predicted rock PGA input. The AS97 attenuation relation was developed allowing the site-response term to vary as a function of input PGA. The AS97 relation also has a decrease in the site-response term with increasing amplitude for the PGA and 0.3-sec periods. The AS97 relation has a flat response with increasing amplitude for the 1.0-sec period, and a slight increase in the site response with increasing amplitude for the 3.0-sec period.
The short-period results (PGA and 0.3 sec) are fairly consistent between weak-and strong-motion at the lowinput motion range for the Quaternary. The HEA96 study having slightly larger site response for the 0.3-sec period (Fig. 6) . At 1.0-sec period the weak-motion data shows much larger average site response when compared with the mean site-response factors from the low-input-range strongmotion data. The weak-motion results for Quaternary sites are dominated by stations in the San Fernando Basin, which has a fundamental resonance between 0.5 and 1.0 sec period (Hartzell et al., 1996; Bonilla et al., 1997) , while the strongmotion data samples multiple earthquakes and regions of southern California.
Effect of Detailed Geology on Site Response
In some cases a more detailed geologic classification can better determine the site effect as was suggested in BEA97 ( Figure 15 from Bonilla et al., 1997) and also in Park and Elrick (1998) and Field (2000) . The mean siteresponse factors of the strong-motion data for detailed site classes, QyQo is also examined in Figures 5-8 , and listed in Table 3 . Contrary to what was found in BEA97, the younger Quaternary does not have larger site-response factors than the older Quaternary. On average, the Qy site class has smaller site-response factors than the Qo site class. In general the more detailed site classes from the Los Angeles metropolitan area (Tinsley and Fumal, 1985) are not statistically distinguishable from each other or from the more regional Quaternary class. Detailed mapping of surface geology is probably not a good indicator of site response as information about what is at the surface may not always correlate with information about the site characterization with depth. In Figure 7 of Harmsen (1997) , a similar result is shown. Siteresponse factors determined in that study for the detailed Qy and Qo geological classifications show the same larger scatter and overlap of mean values. The longer-period site-response factors in Harmsen (1997) do show a distinction between the two Q classes and the M class, with the T class factors overlapping both the M and the Q factors. The shortperiod site-response factors in Harmsen (1997) show the Q and M class site-response factors overlapping, which may be due to the grouping of all the data together without regard for predicted input rock PGA. Figure 3 between the need for a quantitative measure of the site classification and the practical limit of the site investigations to keep the cost reasonable by keeping the depth relatively shallow. There is a great deal of emphasis on using to 30 V s account for site response in ground-motion prediction and hazard mapping in the recent literature (Boore et al., , 1994 Bouckovalas, 1997; Harmsen, 1997; Anderson et al., 1996; Petersen et al., 1997; Park and Elrick, 1998; Field, 2000; Field and Petersen, 2000; Wills et al., 2000) . In addition, the use of site classifications and site-response correction factors based on shear-wave velocity are important for use in regulatory agencies and code development to reduce hazard and improve public safety (Borcherdt, 1994;  Building Seismic Safety Council, 1994; Martin and Dobry, 1994; Crouse and McGuire, 1996) . In this study, first the correlation of individual site response factors with at strong-motion sites with a nearby 30 V s velocity profile is examined. Next, a new set of mean siteresponse factors are determined, using the input motion ranges from the National Earthquake Hazards Reduction Programs (NEHRP) recommended provisions for seismic regulations for new buildings (Building Seismic Safety Council, 1994) , and the Q class individual ratios of observed to predicted rock motion (Fig. 3) . These new site-response factors (Table 4) are then compared with the NEHRP recommended site-correction factors (Building Seismic Safety Council, 1994) .
The individual ratios of observed to predicted RSA are plotted with respect to in Figures 9 and 10 for PGA, 30 V s 0.3-, and 1.0-and 3.0-sec periods. In Figure 9(a-d) , only ratios from stations with less than 0.1 g predicted input PGA are plotted. In Figure 10 
30
V s In the low-input range (predicted rock PGA Ͻ 0.1 g), at PGA, 0.3-, 1.0-, and 3.0-sec periods (Fig. 9(a-d) V s site-response factors. This correlation becomes significant at the 1.0-and 3.0-sec periods, with the longer period site response having greater correlation as seen by the slopes of the least-squares lines plotted through the site-response factors. If all the site-response factors are examined without taking into account the input rock PGA range, the shortperiod factors (PGA and 0.3-sec) show the opposite trend (Figs. 10(a) and (b) ). This is not unexpected given the trend toward lower mean site-response factors with increasing input PGA for the short-period data (Table 2) . A possible explanation for the lower site-response factors associated with lower in the short-period range is the combination of 30 V s nonlinear soil behavior and scattering effects mentioned previously. At 1.0-and 3.0-sec period (Figs. 10(c) and (d) ) there is again a correlation between low and larger site-
V s response factors as was seen in the low input PGA example of Figure 9 .
A similar result is seen in Figure 2 of Boore et al. (1994) and in Figure 6 of Harmsen (1997) . Both of these previous studies show a general trend in site response versus shearwave velocity with higher amplification at lower shear-wave velocity and an increase in the correlation at longer periods. Both studies also show the same large scatter in the individual amplification factors. The increased correlation of longer period site-response factors with is counterintuitive since 30 V s the wavelengths of ground motion affected by the 30-m near-surface velocity profile are much smaller than the wavelengths of the long-period ground motion. However, there is most likely a correlation between low and deeper 30 V s sediment thickness, which would account for this increased correlation at long periods.
The NEHRP recommendations for F a and F v , the sitecorrection factors for 0.3-and 1.0-sec periods, respectively (Building Seismic Safety Council, 1994) ranges) and the number of southern California observations that correspond with the each NEHRP factor is small or zero for many of the factors.
In order to get around this data shortage, all the Quaternary data are combined into one site class and maximumlikelihood mean site-response factors are calculated according to the NEHRP A a levels of shaking intensity. These factors are given in Table 4 , which is similar to Table 2 with the only change being the use of the NEHRP-defined shaking intensity bins (Building Seismic Safety Council, 1994) . A 0.1 g window about the center for each NEHRP bin is used, with the exception of the smallest and largest bins, which contain all data smaller than 0.15 g and greater than 0.45 g, respectively.
The number of observations in the M and T classes, and the wide variability in shear-wave velocities associated with these site classes Park and Elrick, 1998) makes the interpretation of the Table 4 factors for these classes difficult. The Q class has enough observations that some interpretation of the factors shown in Table 4 can be made. The for southern California Quaternary sites
V s where shear-wave velocities are measured are mainly a combination of NEHRP C and D class velocities (Park and Elrick, 1998, Figures 4 and 5) . The NEHRP C and D class F a and F v , site-correction factors are averaged and compared with the southern California 0.3-and 1.0-sec period Q-class factors in Figure 11 . The reduction in site-response factor with increasing shaking intensity accounted for in the combined CD class NEHRP factors seems to be supported by the southern California observations from this study at the 0.3-sec period. The 1.0-second period southern California factors also show a decrease in site response from 0.1 to 0.3 g shaking intensity, but then increase in the 0.4 to 0.5 g bins, inconsistent with the CD class 1.0-second NEHRP factors. The largest shaking intensity bin is dominated by near-source observations at the deep soil Imperial Valley sites (6 of 8). These observations contained large long-period ground motions.
The NEHRP Q-class amplification factors could be corrected by normalizing with respect to the M-class amplification factors, in effect removing any bias in the rockattenuation relation with respect to the Mesozoic class. However, due to the lack of strong-motion data at rock sites in southern California, especially in the larger shaking intensity bins, it is not clear weather the M-class amplification factors or the rock-attenuation relation are the more appropriate reference. The site-response factors given here are left relative to the rock-attenuation relation with the expectation that these factors would be updated in the future using a new rock relation as more data are available.
In a previous study by Crouse and McGuire (1996) using pre-Northridge data, a similar problem in using the rock class data was encountered. In this study attenuation relations from the better represented B class were scaled to fit the A class (rock) data, instead of using the A class data directly (Crouse and McGuire, 1996) . While the number of observations of large ground motion at close distances is small, the increased number, and upgrade, of strong-motion stations in the urban areas of southern California, along with the ongoing near-surface characterization of these sites, should help us to understand and constrain the degree of nonlinear soil behavior in the not too distant future. In the previous studies and the results of this study we are reminded of the importance of the ongoing instrumentation projects that will provide many more strong-motion records from future large earthquakes on both rock and on soil. These new instrumentation and site characterization programs are critical to any empirical evaluation and validation of the NHERP site-correction factors.
Comparison Between Residual Site Response and "Depth of Basement" By removing the mean site-response factor from the observed to predicted ratios the remaining site response can be examined for correlations with other parameters. The deep basin structure is expected to have an effect on the ground motion that might not be accounted for by the average site response of all sites with similar surface geology, but which are combination of both shallow and deeper alluvium. Longperiod 3D basin response such as the response of the Los Angeles Basin to the Landers earthquake (Olsen et al., 1995; Olsen and Archuleta, 1996; Wald and Graves, 1998) can have a significant effect on the observed ground motion. The correlation between the "depth-to-basement" parameter Olsen, 2000; Steidl and Lee, 2000) and the residual with respect to the average amplification is examined for T ‫ס‬ PGA, 0.3-, 1.0-, and 3.0-sec periods. The definition of residual site response here is as follows: each horizontal pair of strong-motion recordings has an associated site response factor defined as Ln(obs.(T)/pred.(T)), where Ln is natural logarithm. We define the residual site response for each pair of observations as Ln(obs.(T)/pred.(T)) ‫מ‬ Ln(mean) where Ln(mean) is the natural logarithm of the maximum-likelihood mean site-response factor from Tables  2 and 3 , which corresponds to the period, site class, and input rock PGA bin of the particular observation.
Figures 12 and 13 show this residual site response plotted versus the "depth-to-basement" parameter for the QTM and QyQoM models, respectively. The question is, can the residual, or what is not explained by the average siteresponse factors, be accounted for by a deep basin term? If there were no correlation between basin depth and the residuals, the points in Figures 12 and 13 would scatter about unity. Figures 12 and 13 show that there is a tendency for the larger residuals to be associated with the deeper depthto-basement sites, and the smaller residuals to be associated with the shallower depth-to-basement sites. This result suggests that a depth-to-basement parameter might be useful for predicting future ground motion.
This trend of larger residuals with larger "depth to basement" is present for all site classes and also for all periods (Figs. 12(a-d) and 13(a-d) ). The effect is most obvious in the 1.0-sec period residuals (Figs. 12(c) and 13(c)) for all site classes as seen by the slope of the least-squares line fit through the residuals. Magnitude versus depth to 2.5 km/sec isosurface is plotted in Figures 6 and 7 of Steidl and Lee (2000) . The deeper "depth-to-basement" data is not dominated by a single event, but include data from 2-3 events depending on period and the depth.
Application of Site-Response Factors
The average site-response factors (Table 2 and 3) can be applied as corrections to the Sadigh (1993) attenuation relation for use in seismic-hazard analysis in southern California. For this purpose, Table 5 lists the total error (for Ln(RSA)) for two such models. Model M1 uses the general QTM classification and model M2 uses the more detailed QyQoM classification. These models are examined in terms of their influence on hazard analysis in Field and Petersen (2000) . When applying the average site-response factors, linear interpolation between the factors should be used to give a smooth model as follows: From the end of low-input range to the midpoint of the second-input range linear interpolation between the low-range and second-range factors would apply; from the midpoint of the second range to the midpoint of the third range, linear interpolation between the second range and third range factors would apply; from the midpoint of the third range to the beginning of the largest range linear interpolation between the third range and largest range factors would apply; below the beginning of the second range the first-range factor would apply; above the beginning of the largest range the large-range factor would apply.
A magnitude-dependent total error (sigma) for these models could be used, though the data only support it at short periods. In Figure 14 , the average residual for three magnitude bins is plotted along with the error in the average residual estimate for model M1. We use a weighted leastsquares line to show the dependence for the PGA and 0.3-sec period. The weights are determined by the error in the average residual estimates which is calculated by:
where N is the number of residuals per bin, r is the average sigma for each bin, and r o is the error in r. While this estimate of r o is given for more than 100 observations (Spiegel, 1975) , Monte Carlo simulations have shown it to be valid for as few as 10 observations (Edward Field, written comm.) The total error using the magnitude dependence of sigma is given below for PGA:
Total error ‫ס‬ r (PGA) ‫ס‬ ‫4011.0מ‬M ‫ם‬ 1.2249 T and at 0.3 sec;
Total error ‫ס‬ r (0.3) ‫ס‬ ‫2780.0מ‬M ‫ם‬ 1.1378 T where M is magnitude. For M Ͼ 7.3, where there is no data, the value of r T at M 7.3 should be used. These results are similar to the PGA and 0.3-sec magnitude dependence of sigma found in both Abrahamson and Silva (1997) , and Sa- digh et al. (1997) . At long periods (1.0 and 3.0 sec) the weights, r o , are smaller for the lower-magnitude bins which causes the magnitude dependence of sigma to increase with increasing magnitude. This is not consistent with previous results (Abrahamson and Silva, 1997; Sadigh et al., 1997) and may be an artifact of the lack of earthquakes in the largest bin due to limitation to only southern California data. In the case of the longer-period data the total standard error given in Table 5 should be applied instead of a magnitudedependent error. Models M1A, M2, and M2A have fewer observations due to the more restrictive data selection criteria, so the use of magnitude-dependent sigma for these models is not recommended. For models M1A, M2, and M2A, the corresponding total standard error given in Table  5 should be used, or the magnitude-dependent sigma used from model M1 as is done in Field and Petersen (2000) .
The slope and intercept of the solid line given in Figures 12 and 13 define basin-depth amplification functions. These functions can be an additional term to add onto the sitecorrected attenuation relations (models M1 and M2, Table  5 ) to correct for this trend in amplification with basin depth. In Table 5 the total error from two models are listed, which use the Sadigh (1993) rock relation as a base, apply the mean site-response factors according to geology and predicted input PGA (Tables 2 and 3) , and then apply the basin-depth amplification function (models M1A and M2A). Model M1A uses the general QTM classification site-response factors and basin-depth amplification function, and model M2A uses the QyQoM classification site-response factors and basin-depth amplification function (see Table 5 ). Joyner and Boore (1993) .
R 1 ‫ס‬ ln(obs/spred)-ln(mean) †The standard error of the standard deviations determined by dividing the standard deviations by the square root of twice the number of observations.
‡The total error without the basin correction for the subset of data from models M1 and M2; respectively, which are located within the boundaries of the mapped basin.
M1 ‫ס‬ RSA ( ternary at short period and like the Mesozoic at long period. 2. An observed trend of decreasing Quaternary site amplification with higher input motion is consistent with nonlinear soil behavior, or a combination of nonlinear soil behavior and scattering from 3D heterogeneous local crustal structure. The trend exists for Mesozoic and Tertiary sites as well implying that this could also be an artifact of the Sadigh relation. 3. Independent weak-motion studies that use completely different stations, different techniques, and a different reference, produce similar average amplification factors for the same geologic-site class. 4. The low-input-motion strong-motion site-response factors are consistent with those obtained from the independent aftershock studies at the PGA and T ‫ס‬ 0.3 sec period.
5. There is a correlation between larger site-response factors and lower average shear-wave velocity in the upper 30 m for low-input rock PGA, with an increase in the correlation with increasing period. The 0.3-sec site-response factors for Quaternary data in southern California determined in this study are consistent with the average of the C and D class 0.3-sec NEHRP site-response correction factors; however, at the 1.0-sec period there remains some inconsistencies. These results emphasize the importance of the ongoing site characterization programs and the current initiatives to increase the number of strong-motion recordings in urban environments. These data are critical to any improvements in the existing siteresponse factors contained in the present building codes. 6. A trend is seen with respect to sediment basin depth, where deeper sites have higher average site response factors. This result suggests that a depth-to-basement parameter might be useful for predicting future ground motion.
These conclusions are based on three major assumptions. First, the use of the Sadigh (1993) rock relation as the reference motion for the study. Second, the limitation to the southern California data, assuming that observations of the 28 events used are representative of what we can expect from future earthquakes in the region. Third, the accuracy of the mapped geologic-site classification due to map scale.
The general similarity in these results with other studies (i.e., basin-depth trends, shear-wave velocity correlation) that compare the same southern California observations to other attenuation relations (Field, 2000; , and the similarity with previous results based on less restrictive data sets (Boore et al., 1994; Abrahamson and Silva, 1997; Harmsen, 1997) , give credibility to the choice of reference motion. The limitation to observations from southern California affects the results for the Mesozoic and Tertiary class much more than the Quaternary class due to the significantly smaller number of observations for Mesozoic and Tertiary sites. This data limitation and the accuracy in the geologic-site classification due to the large map scale will clearly be a larger factor for the less-sampled site classes, and are more likely to average out for well-sampled site classes (Park and Elrick, 1998) . The results of Field (2000) based on the Wills et al. (2000) site classification suggest that the use of shear-wave velocity as a means of site classification has much greater potential than surface geology alone. In addition, this type of classification should in fact be more transportable from region to region (with the exception of the 3D crustal effects), which relaxes the data limitation constraint.
These conclusions should be seen as a guide to future efforts. Analysis using larger data sets that have strongmotion observations with site characterization data for shearwave velocity is recommended. The use of the M Ͼ 7 earthquakes in 1999 will provide a large increase in the number of observations should those sites be characterized. The continued effort to characterize new and existing strong-motion sites is important. The results of any future analysis must also be used to compare, validate, and recommend revisions to the existing building codes in order to apply this type of scientific research to societal needs.
